This work describes a noninvasive, nondestructive methodology for the confirmatory and in situ identification of dry blood stains deposited in different substrates using a hand-held near infrared (NIR) spectrometer. Different supervised pattern recognition methods were evaluated and compared for the correct identification of human blood. Human and animal blood stains and stains from different commercial products (perceived as common false positives) that had been deposited on different substrates were analyzed directly by NIR spectroscopy. The best pre-processing used was Standard Normal Variate (SNV) and normalization by range, which was obtained by evaluating the best classification for human blood with Soft Independent Modeling of Class Analogy (SIMCA). SIMCA showed 100% correct classification for porcelain and glass substrates but 80% for metal and 90% for ceramic substrates. Genetic Algorithm -Linear Discriminant Analysis (GA-LDA) showed better classification performance (100%) than Successive Projection Algorithm -Linear Discriminant Analysis (SPA-LDA), in which one false positive and one false negative were obtained. Partial-Least Squares Discriminant Analysis (PLS-DA) correctly classified the human blood and other stains in all substrates.
Introduction
Blood is perhaps the most important type of forensic trace that can be found at crime scenes [1] and it can confirm the presence of a person, providing this way information related to the activity or action. It can also be used for DNA analysis, which may eventually lead to the identification of a possible suspect [2] . However, DNA analysis takes time and resources, and successful results usually depend on a careful selection of blood traces. This is not always easy to accomplish because the presence of animal blood or other substances of similar aspect (like pepper sauce for example) can cause the erroneous collection of evidences (also known as false positives). Thus, in order to have more cost-effective and efficient forensic examinations, it is important to identify correctly the nature of possible blood traces found at crime scenes.
According to a recent review [3] , there are several tests that can be used to detect or confirm the presence of blood traces directly at the crime scene. These include visual examinations using microscopy; chemical examinations like the commonly known Luminol or KastleMeyer tests and the Takayama or Teichmann microcrystal tests; spectroscopic examinations like alternating light sources or UV-vis absorption; and immunological examinations like the antibodies test kits RSIDTM or ABA Card®Hematrace®. Generally speaking, these examinations vary greatly in specificity for human blood. Additionally, they suffer several disadvantages, for example: their performance may be affected by several interferences; some require dark conditions or swab collection of traces; others use reagents that invalidate subsequent DNA analysis or can directly destroy the evidence; some can suffer from cross-reactivity with other biological fluids; and many commonly found-substances can give false positives or negatives [4] .
Therefore, there is a great need for, not only presumptive but also confirmatory methods that are simultaneously nondestructive and specific for human blood. Additionally, current trends suggest the paramount need for field-portable, easy-to-use and reliable instruments that provide rapid identification of human blood directly at the crime scene [5] .
In this sense, vibrational spectroscopic techniques such as Raman and Infrared (IR) have been extensively applied in Forensic Science [6] , particularly for the identification of human blood traces [3] due to the fact that human blood has characteristic chemical signatures. Additionally, these techniques are noninvasive, nondestructive and permit rapid analysis. Raman spectroscopy has been reported to a greater extent in the literature when compared to IR (for example, see [7, 8] ), chiefly because the presence of water in blood has very little influence on the blood's Raman spectra, unlike IR. Nevertheless, IR has the practical advantage over Raman that fluorescence or external ambient light does not influence the quality of spectral acquisitions, which is particularly relevant for examinations at the crime scene.
Developments in technology and instrumentation in recent years have led to considerable miniaturization of equipment used in many analytical techniques, especially IR and Raman spectroscopy [9] . Portable and hand-held devices are now important assets for distinct sectors of research and investigation [10] , including Forensic Science, where analysis has become faster, more effective and adaptable to different crime scenes, thus contributing to a reduction in the amount of time for decision-making and the need for fewer laboratory resources.
Up to now, works published on the use of IR for discrimination of blood stains consist mainly of studies in the middle infrared region (MIR) and comparison of spectral fingerprinting from different body fluids, using benchtop equipment [11, 12] . Also, thermal infrared images have been evaluated for the identification of blood stains in black substrates [13] . Edelman et al. [14] used Near IR (NIR) spectroscopy combined with visible reflectance and Partial Least Squares (PLS) regression to analyze blood stains in cotton fabric as well as pure blood as a function of time, for the purpose of determining age. They used two benchtop instruments working in the ranges of 400-2500 nm and 800-2778 nm. The authors reported that bloodstains could be distinguished from other red-like substances and colored cotton backgrounds with 100% sensitivity and specificity. NIR spectroscopy proved to be suitable for short-term age estimation but limitations, including problems identifying spectral contributions from the different components present in blood and materials that strongly absorb in the NIR range, could complicate analyses.
Multivariate data analysis can overcome these limitations and extract the maximum useful chemical information from NIR spectra [10, 11, 15, 16] . In this study, the potential of different strategies for multivariate classification are described: two hard modeling approaches, PLS Discriminant Analysis (PLS-DA) and Linear Discriminant Analysis (LDA), and one soft modeling approach, Soft Independent Modeling of Class Analogy (SIMCA). The difference between the two approaches is that with hard modeling, it is mandatory that a sample be classified in one of the modeled classes. The limitation of this constraint is that a sample may in fact not belong to any of the classes. In soft modeling approaches, samples can be assigned or excluded from a certain class or even assigned or excluded to all classes. This way makes it possible to identify outliers, unexpected samples that belong to classes that have not been included in the training set, or even erroneous data [17] .
PLS-DA has become a widely used chemometric tool in many analytical fields, and also in forensic applications using IR spectroscopy (for example, see [15, 16, 18, 19] ) owing to its availability in common statistical software. LDA is another classification method that has shown usefulness in forensic contexts (for example, see [20] ). Frequently, this method requires a variable reduction step, such as simple PCA or even variable selection algorithms, for example, the Successive Projections Algorithm (SPA) and the Genetic Algorithm (GA), which were used in this study [21] . Class-modeling SIMCA has also been used in forensic applications of NIR spectroscopy [22, 23] .
This work describes a novel application of a handheld NIR instrument for the identification of human blood directly from stains deposited on different surfaces. The performance of different supervised pattern recognition methods, such as PLS-DA, SPA-LDA, GA-LDA and SIMCA, was tested and compared as to their correct identification of human blood species against animal blood and other common substances that usually give false-positive results.
Material and methods

Samples and sample preparation
Thirty-one volunteers (14 men and 17 women) donated blood samples which, were collected directly from their fingers using individual and sterilized needles. The animal blood samples, from a cat and a dog, were collected by a veterinary hospital. Different red-colored commercially available products that could be commonly perceived as blood were used as the common false positives samples, such as red lipstick, pepper sauce, soy sauce, red wine and balsamic vinegar. Stains were applied directly or with a Pasteur pipette (2 drops) on 4 different substrates, such as beige floor porcelain tile, white ceramic tile, glass and the metallic part of a knife. The volume of human blood stains was not controlled. Table 1 shows a summary of the samples and number of stains deposited on each substrate. The number of stains applied differed for each substrate due to the varied volume of blood extracted from each donor. All 220 stains were allowed to dry for three days under ambient conditions before analysis.
Instrumentation and data acquisition
All spectra were acquired directly from the stains using a MicroNir 1700 spectrophotometer (from Viavi). This instrument has a linear-variable filter (LVF), which is directly attached to a linear Indium Gallium Arsenide (InGaAs) array detector. The system has two small tungsten light bulbs and a USB interface coupled for power and data transfer. The spectrometer's dimensions are 45 mm in diameter and 42 mm in height, weighing about 60 g. The instrument spectral range is 908 to 1676 nm, with a spectral resolution of 12.5 nm. Each spectrum was an average of 64 scans, with an integration time of 5 ms. In order to increase spectral variability and improve representativeness for the chemometric models, three spectra were acquired in different positions for each stain by performing small displacements over the stain. For stains that dispersed in the substrate, up to five spectra were taken. Each spectrum acquired was considered as an individual sample, in order to account for differences in the amount of blood per stain as a result of the spreading and drying process. Due to the high transparency of glass, a white Teflon board was placed underneath the glass in order to avoid absorption from the countertop.
Data pre-processing
Different pre-processing techniques were tested to correct undesirable effects related to noise, scattering of radiation and to normalize differences related to the amount of sample deposited: Standard Normal Variate (SNV), Multiplicative Signal Correction (MSC), Savitzky-Golay smoothing filter, Savitzky-Golay 1st and 2nd derivatives (5 to 13 point window) and normalization by maximum, range and mean [24, 25] . The best combination of pre-processing techniques was chosen based on visual inspection of the spectra and on the best results obtained with SIMCA modeling for samples on the porcelain tiles.
Data analysis
All chemometric treatment was performed with Matlab software (MATLAB® R2010a 7.10.0.499, MathWorks) and the PLS-DA models were performed with PLS Toolbox (Eigenvector Research, Inc). The SPA and GA algorithms used in the LDA models were those described by [26] . The different treatments were performed on the data sets for each substrate. Three different classes were considered: Human Blood 
